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Abstract

Recent breakthroughs in Gl -Free
technol ogies (foil air bearings, high
tenperature tribol ogi cal coatings and
conput er based nodeling) have created
resurgence in research to develop O -
Free turbomachi nery systens. Foi
beari ngs are hydrodynanmic, self acting
fluid filmbearings which use air as
their working fluid or lubricant and
requi re no external pressurization
The fluid filmis forned between the
novi ng shaft surface and a flexible
sheet metal foil which is, in turn
supported by a series of spring foils
whi ch provi de conpliance. The
conpliant characteristics accomodate
m sal i gnnent and distortion and all ow
for mcro-sliding between foil |ayers
whi ch gives the bearing coul onb
danpi ng. Wen coupl ed with new high
tenperature solid lubricant coatings
for startup and shutdown wear
protection, these bearings can and do
operate from cryogeni c tenmperatures to
over 650 C. These positive attributes
have |l ed to nmany commerci al
applications benefiting from high
reliability, lowfriction, and | ong
Iife perfornmance.

For over three decades Ol -Free
t ur bomachi nery has been fully
comercialized in Air Cycle Machines
(ACM's used for aircraft cabin
pressurization. These turbonmachines
operate at noderate tenperatures,
| oads and speeds and utilize fairly
sinple foil air bearing designs and
conventional polynmer solid lubricant

Chi o 44135 USA

coating technol ogy. During the
1970's, foil bearing technol ogy

i nproved to the point that |oad
capacities were sufficient to support
hi gh speed cryogenic turbopunp and
conpressor systens. This was
acconpl i shed through the inprovenent
of bearing | oad capacity through the
tailoring of the elastic support
structure to maximze the air film

t hi ckness and t he devel opnent of

i nproved pol ynmer solid |ubricants.
More recently, breakthroughs in
conput er based hydrodynam c gas film
and finite el enent structural nodeling
has resulted in foil bearing |oad
capaci ties nore than doubl e previously
attained levels. In early 1999,
advanced foil bearings, new NASA

devel oped hi gh tenperature coatings
and nodel ing was used to successfully
denonstrate the world’s first O l-Free
turbocharger for a heavy duty diese
truck engine. The Ol-Free
turbocharger operates at 95,000 rpm at
tenperatures to 650 C and produces 150
hp. Thi s experience, coupled with
further advances in bearings and high
tenperature solid lubricants has
enabled Q| -Free technol ogy to nove
into gas turbine engines.

In late 1999, the first
comercially available G |-Free gas
tur bi ne based (m croturbine)
el ectrical generators entered the
market. To date, well over 2500 of
these small (30-60 kW units are in
operation and larger units (up to 400
kW are being devel oped. These
products take advantage of the | ow
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cost, no maintenance and |low friction
benefits that foil bearings provide.
In addition, the elimnation of oi

[ ubrication significantly reduces
system conpl exity, weight and parts
count as well as allow ng operation at
bearing tenperatures to 650 C

m ni m zing the need for cooling.
These m croturbines al so represent a
significant step forward for G |-Free
t ur borrachi nery t echnol ogy
denonstrating the successful
transition from power absorbing
conpressi on machi nes to power
produci ng heat engines. Further
advances in bearings, tribol ogica
coatings and conponent and system
nodel i ng and i ntegrati on now enabl e
additional transition of the

t echnol ogy to propul sion turbine

engi nes.

An ongoi ng research project at
NASA G enn is the denonstration of a
700 pound thrust, G -Free turbofan
engine for a snmall subsonic business
jet. This project builds upon the
t echnol ogy advances in foil bearings,
coatings and nodeling and will be the
first Gl-Free, man rated propul sion
engi ne denonstrated. It is estimted
that the integration of Ol-Free
technologies in aircraft engines wll
result in a weight reduction of
approxi mately 15% a 20% power density
i ncrease, a 50% nai nt enance cost
reduction and an 8% Direct Operating
Cost (DOC) reduction. Recent
t echnol ogy performance data has
resulted in validated bearing
per f ormance nodel s whi ch indicate that
| arger bearing sizes are achi evabl e
opening the possibility of supporting
| arger and nore conplex engines in the
future. This paper introduces the
Q| -Free technol ogies, their state of
devel opnent, capability and
limtations and considers their
application to Regional Jet,
Rotorcraft and Supersonic Business jet
engi nes.

Introduction

Q1| lubrication has played a
vital role in aircraft propul sion
engi nes since the Wight brothers flew
at Kitty Hawk a century ago. GOl

provides both a lubrication effect as
well as critical cooling for key

i nternal engine structures. W¢thout
oil lubrication systemtechnol ogy our
aviation industry woul d not have been
able to get off the ground. The oi

[ ubrication system however, has al so
i nparted significant engineering
[imtations on aircraft propul sion
engi nes whi ch have shaped current
technol ogy and i s constraining major

i nprovenents in future engines(1l).

For instance, despite dedicated
research over the past thirty years,
turbine oil cannot operate over 350 F
necessitating desi gns encunbered with
oil coolers, filters and tenperature
sensors and seals. |In addition, oi
lubricated ball and roller bearings,
found in all aircraft engines, suffer
fromthe effects of centrifuga
| oadi ng at hi gh speeds (DN val ues)
whi ch i nposes limts on shaft
di ameter, and hence stiffness, and
shaft speed(2). Further, since the
beari ng system can be viewed as the
foundati on upon which the engine rotor
is built, its strengths and weaknesses
significantly influence engi ne design
and perfornmance.

Today’' s engi ne bearing systens
are largely the sane as those of three
decades ago. As a consequence,
today’'s engines are, in many respects,
simlar to previous designs.

Per f ormance i nprovenents have
predom nantly been achi eved t hrough
hi gher operating tenperature alloys
and cool i ng met hods and the increased
reliance on high bypass ratio fans.
Fol | owi ng this technol ogi ca

devel opnent path, today’s engi ne
technology is quite mature and

i nvestnments to further inprove
performance can yield only nodest
gains. In order to dramatically

i nprove aircraft propul sion systens,
the technol ogy used for the very
foundati on, the shaft support and

| ubrication system nust be
fundanental |y changed. By changi ng
the rotor support system new
opportunities are created to all ow

i nnovati ve turbonmachi nery desi gn and
operation enabling revol utionary

per f ormance benefits.
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Thi s paper describes research to
conbi ne three key technol ogi es; foi
air bearings, high tenperature solid
| ubricants and conputer based nodeling
and systemintegration into Gl -Free
Tur bormachi nery based engi nes. These
advanced engi nes offer dramatic
i mprovenents in performance and
efficiency and have the potential to
revol utionize aircraft design and
operation.

Technology Background:

Foil Air Bearings

Foil bearings were first
described in a paper by Blok and Van
Rossumin 1953(3). Their sinple
bearing was forned by a strip of
cel | ophane tape draped over a spinning
shaft and was lubricated with oil
Thi s concept was adopted by
i nvestigators studyi ng magnetic
recordi ng tape transport phenonena.
Their observations that a lubricating
air filmformed between magnetic tape
and hi gh speed drive spindles led to
t he devel opment of the first air
lubricated foil bearings(4). Modern
foil bearings consist of a series of

sheet netal foil layers which are
wrapped around a rotating shaft. The
i nnernost foil layer traps the

hydrodynam c air filmwhich supports
the shaft load. The underlying foi

| ayers act as support springs offering
conpl i ance and coul onb danping to the
bearing (5).

Early foil bearing designs were
sinple |like those shown in figures 1
and 2 (6, 7). These Ceneration
beari ngs devel oped | oad capacities
conparable to rigid gas bearings with
t he added benefits of m salignnent
t ol erance, danpi ng and accommodati on
of centrifugal and thernmal shaft
distortions. GCeneration | bearings
were comercialized in small, lightly
| oad turbomachinery (i.e., air cycle
nmachi nes or ACM's) but had
insufficient |oad capacity for |arger
nore denmandi ng applications (6).

In the 1980’ s, new bearing
desi gns energed, designated Generation
1, which incorporated a nore conpl ex

Leaf foil— ,— Bearing sleeve
4

»,— Journal
4

Figure 1 — CGeneration | |leaf style
foil bearing

Bump foil—, — Bearing sleeve
A\ /

Top foil—, /— Journal

Figure 2 — Generation | bunp style
foil bearing

spring support structure (8). In

t hese bearings, the elastic stiffness
of the support springs is tailored in
one direction, typically axially, to
accommodat e for hydrodynamn c ef f ect
such as edge | eakage. Figure 3 shows
this type of bearing which exhibits

| oad capacities nearly double nore
primtive Generation | designs. The
Generation Il bearings enabl ed new
nore challenging Ol -Free
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Figure 3 — Generation Il foil bearing

t ur bomachi nery applicati ons such as
cryogeni ¢ turboconpressors and

tur bopunps. However, their
performance (stiffness, danping and

| oad capacity) was insufficient for
gas turbines. Several attenpts to
support snall gas turbines using these
Generation Il bearings were
unsuccessful (9, 10). Further
bearings used in gas turbines and
APU s encounter high tenperatures and
the industry standard pol yner coatings
used to lubricate foil bearings during
start-up and shut-down, when surface
velocity is too |low to devel op a
lubricating air film were unsuitable.

At that tinme, no high tenperature
solid lubricants were available (11).

In the early 1990's, additiona
advances in bearing design and
performance were achieved. The
resulting Generation Ill bearings have
nore conpl ex elastic spring support
structures in which the stiffness is
tailored in at |east two directions,
typically circunferential and axial
These Generation |1l bearings doubl ed
| oad capacity over Generation 11
beari ngs enabling re-consideration of
nore chal | engi ng gas turbine
applications (12, 13). Figure 4 shows
the design features of a bunp type
Generation Il foil bearing.

Significant efforts in bearing
performance testing, especially at
hi gh tenperatures has also led to the
devel opnent of a predictive nodel for
| oad capacity (6). This Rule-O-Thunb
(ROT) nodel relates bearing size,
speed and design features with | oad
capacity and is expressed in the
fol |l owi ng equati on:

W= D (DL) (DN

Wher e:

Wis load capacity in pounds

D is the bearing | oad coefficient
Dis shaft dianmeter in inches

L is bearing length in inches

N is shaft speed in thousands of rpm

A simlar |oad capacity ROT has
been fornul ated for thrust foi
beari ngs but has not yet been fully
verified experinmentally. It is
descri bed by the foll owi ng equation:

W= D (mwD) (DN

Wher e:

Wis | oad capacity in pounds

D is the bearing | oad coefficient
wis pad width in inches

D is bearing nmean diameter in inches
N is shaft speed in thousands of rpm

These ROT nodel s all ow t he
sinple estimation of foil bearing
per f ormance needed to establish
feasibility for a particular shaft
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Figure 4 — Generation Il foil bearing

system Figure 5 plots the RO T for
various generation journal bearings.

Wil e much nore in-depth study
i s needed these nbdels are a good
starting point for considering Q-
Free technol ogy application. The |oad
capacities of (Generation I11) foi
air bearings indicate that the
technol ogy i s capabl e of supporting
smal | gas turbine engines. Bearings
four inches in dianeter have supported
over one thousand pounds at 22,000 rpm
(14). Devel oprent work on | arger

Bearing
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Figure 5 — Load capacity of Ceneration
I, Il, and Il foil bearings

bearings i s underway indicating that
t he technol ogy may support | arger
regional jet turbine engines as well.

High Temperature Tribological Coatings

The | oad capacity nodel s
i ntroduced in the previous section and
plotted in figure 5 relate
specifically to the air lubrication of
foil bearings. During initial startup
and final coast-down, surface
velocities are too | ow to generate an
adequate air filmand sliding contact
occurs. For these conditions, solid
| ubrication nust be provided to reduce
friction and wear. Recent
devel opnents in high tenperature solid
| ubrication have shown that long lives
at tenperatures fromanbient to 650 C
are possi bl e using advanced shaft
| ubricant coatings |ike NASA PS304
(15).

PS304 is a pl asna-spray
deposi ted, high tenperature, solid
| ubricant coating specifically
devel oped to lubricate foil air
bearings. PS304 is a conposite nade
froma nickel -chrom um bi nder (60 wt%
and chrom um oxi de hardener (20 w %
with the solid lubricants silver (10
wt 9% and bariuni cal cium fluoride
eutectic (10 wt% . PS304 is deposited
onto shaft or runner surfaces which
t hen operate against foil bearings
whi ch may al so be coated for added
wear protection. PS304 has been
denonstrated in foil air bearings from
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25 to 650 C over a wide range of | oads
and has provided wear lives in excess
of 100,000 start/stop cycles. Table
gi ves conposition and sel ected
properties of PS304 and figure 6 shows
a bearing journal after high

t enper at ure operati on.

TABLE 1 — Conposition and Sel ected
Properti es of PS304

Constituent wt% Function / Value
Property
NiCra 60 matrix-binder
Cr203 20 hardener phase
low temperature
Ag 10 lubricant
high temperature
b
BaF2/CaF: 10 lubricant
Thermal 50
expansion CTE B 124x1097C
Density - ~5.3 glcc
p hardness - 30t0 34 RC

2 NiCr ratio is 80/20 by wt%
b BaF,/CaF; ratio is 62/38 by wt%

Figure 6 — PS304 coated journal after
hi gh tenperature start/stop cycles

Recent research has shown t hat
PS304 | ubricated foil air bearings
require a break-in period before
maxi num bearing | oad capacity is
realized. During this period surface
pol i shing occurs, making for a nore
favorable air bearing. In addition,
solid lubricants in the PS304 coating

forma lubricating glaze on both the
coating and foil surface finish,
further inproving bearing | oad
capacity. Figure 7 shows an x-ray
anal ysis of a PS304 surface after
break-in confirm ng the presence of

t hese lubricants nanely Ag, Ca and Ba.
Newl y devel oped treatnents invol ving
the application of thin sacrificial
solid lubricant overlays of graphite
have obvi ated this break-in chall enge
and resulted in no initial de-rating
of foil bearing |oad capacity.

Ref erence 16 details these

devel opnent s.

Relative X-ray counts

keV

Figure 7 — X-ray analysis of journa
surface after break-in

The conbination of a suitable
hi gh tenperature solid | ubricant
system |ike PS304, and advanced hi gh
| oad capacity foil air bearings are
key technol ogy enablers for Ql-Free
tur bomachi nery systens. A third key
technol ogy i s advanced conputer based
nodel i ng.

Computer Based Modeling

Incorporating foil bearings into
hi gh speed, G |-Free turbomachi nery
requires that the bearing stiffness,
danpi ng and | oad capacity
characteristics are sufficient to
control shaft dynamics and
operationally and environnental |y
i nposed loads (17). Previous attenpts
to utilize foil air bearings relied
mainly on a build and test approach to
ascertain whether the bearing
characteristics were adequate to
ensure rotordynam cally stable
operation. This type of approach can
be expensive and carries high risk of
failure. Also, if hardware failure
occurs it can be difficult to assess

Copyright © 2003 by the American Institute of Aeronautics and Astronautics, Inc. No copyright is asserted in the United
States under Title 17 U.S. Code. The U.S. Government has a royalty-free license to exercise all rights under the copyright
claimed herein for government purposes. The copyright owner reserves all other rights.



the root cause w thout an anal ytica
understandi ng of the rotating system
and its predicted characteristics
(18).

New conputer based, finite
el ement rotordynam c nodel i ng
t echni ques can be used to mnimze the
need for build and test efforts. This
can greatly enhance the chances for
successful system operation and hel p
avoid iterative design and test
efforts. Conputer based nodeling of
thermal and centrifugal stresses,
hydr odynam ¢ nodel i ng of the
lubricating fluid filmand even
elastic nodeling of the foil bearing
structure can aid in the understandi ng
of rotor system performance before any
hardware is nmade. Conputer based
nodel s of foil bearing supported
rotors is, however, an ongoing
activity. Wiile thermal stress and
di stortion and nechani cal stress
nodel s are wel | - devel oped,
hydr odynam ¢ nodel i ng and nodel i ng of
conpl ex elastically supported non-
linear foil bearings are not. Further
the interactions between foil bearing
dynam c characteristics, |oad capacity
and power |oss and turbomachi nery
systens such as secondary airflow and
t hermal managenent have not been fully
expl or ed.

Current Technology Application and Future
Capabilities

The successful application of
Q| -Free technol ogies (foil bearings,
solid lubricants, and nodeling) to
t ur bomachi ney systens requires the
concurrent devel opnent of these three
key technol ogi es coupled with tinely
and appropriate technol ogy
denonstrations. These denonstrations
provide vital experinental feedback
and corroboration to the research
effort. Denonstrations also highlight
critical research areas that may need
nore investigation. Al so,
denonstrations often lead to new
products and ot her applications are
critical in devel oping an industria
base for technol ogy comercialization

The successful commercialization
of foil bearings in Ql-Free Air Cycle

Machi nes (ACMs) in the 1970's
represented the first transition of
foil bearings fromlaboratory into the
field. These ACMs utilized then
state-of-the-art Generation | foi

beari ngs conbi ned with pol yner (PTFE)
solid lubricant coatings to provide
Ql-Free rotor support. Shaft speeds
wer e noderate (~40,000 rpn) and

anbi ent tenperatures were |ess than
200 C. These early Ol -Free

t urbomachines elimnated oil mist in
the cabin of aircraft and, over the
years, accumul ated i npressive
statistics of reliability and nean-
time between failures in excess of
100,000 hrs. In fact, foil bearing
supported ACM s have been the industry
standard in new aircraft since the
1980’ s (5, 19).

Based upon the technical and
commerci al success of the first ACM s,
denonstrations of foil bearing
supported small gas turbines were
attenpted first in the late 1970 s
then again in the md 1980's. These
engi ne denonstrations enpl oyed new y
devel oped Generation Il foil air
bearings and then state-of-the-art
solid lubricants capabl e of operating
at tenperatures to 300 C
Unfortunately, only relatively
primtive thermal and mechani cal (and
rot ordynam c) nodeling techni ques were
avail abl e to guide the design process.
Further, the rudinmentary foil bearing
per formance prediction nodels were
little better than guessing. These
projects were not fully successfu
(10, 18).

In sone cases the bearing | oad
capacity was insufficient to support
the dynam c loads. |n other cases,
the solid lubricants wore too quickly.
Otentines, a conbination of marginal
beari ng performance characteristics
leads to failure. For exanple, if a
bearing has little or no margin on
| oad capacity it cannot acconmpdate
even slightly higher than anticipated
m sal i gnnent | evels. However, excess
| oad capacity may allow a bearing to
handl e extra inbal ance forces,

i ncreased prel oad or even excessive
shaft or foil wear.
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In several engine denonstration
projects, the rotor systemcould be
run using the foil bearings but
failure occurred under certain
operating conditions (e.g. under ful
power or dynamnmi c shock). Nonet hel ess,
t he engi ne denonstration projects
undertaken in the 1970's and 1980’ s
suffered primarily frominsufficient
bearing | oad capacity and danpi ng and
secondarily frominadequate high
tenperature solid lubricants. These
short com ngs danpened interest in OI-
Free gas turbines for nearly a decade
(18).

In 1991, Heshmat reported a
doubling of foil bearing | oad capacity
t hrough j udi ci ous design of the foil
bearing el astic support structure
(20). In his design, the stiffness of
the structure is tailored both
circunferentially and axially to
optimze the formation of the fluid
filmand mnimze | eakage. Fol | owi ng
hi s devel opnent, other researchers
reported simlar gains using slightly
vari ed designs. These inproved
per f ormance beari ngs encouraged a
resurrection of the G l-Free engine
concept. In addition, the concurrent
devel opnent of wi dely avail abl e,
conput er based nodel i ng techni ques
made the virtual design of such an
Q| - Free engi ne possible.

One application enabled by the

devel opnent of high | oad capacity foi
beari ngs and hi gh tenperature solid
[ubricants, like PS304 is an Ol -Free
turbocharger. 1In 1995 NASA and the
Departnment of Energy teaned with

i ndustry to denonstrate a 150 hp Q| -
Free turbocharger for a heavy-duty

di esel engine. The resulting
turbocharger, shown in figure 8,

i ncorporated two journal and a double
acting thrust foil bearing and ran
successfully at 95,000 rpmand 650 C
turbine tenperature in early 1999
(21). The G| -Free turbocharger
verified the successful denpnstration
approach outlined by Valco (22) which
includes a four step iterative
process. The first step is a
feasibility study foll owed by bearing
design and testing. This is foll owed
by testing of a foil bearing supported

Figure 8 — Q| -Free turbocharger

simul ated rotor system (nmatching rotor
system masses and inertias

rot ordynam cal ly but not the
aerodynam c | oads). The final step is
a full systemtechnol ogy denonstration
test.

Among the earliest attenpts to
build a successful small G |-Free gas
turbi ne was the 30 kW Capstone
m croturbine. This recuperated
t ur bi ne- generat or system was
originally conceived as a power plant
for a hybrid turbine-electric
aut onoti ve propul sion system
Al t hough the resulting mcroturbine
was deened economnical ly unviable for
the autonotive market it is
technically successful. Figure 9
shows a cross section of the Capstone
30 kW engi ne which was brought to the
market as a stationary power generator
in 1999. Since then, over 2500 units
have been sold in both 30 kWand 60 kW
versions. A 200 kW nachine is
currently under devel opnent. The
Capstone M croturbine holds the
distinction of being the world' s first
comercially available G |-Free gas
t ur bi ne.

The Capstone microturbine
enpl oys patented foil air bearings
(23). Patent draw ngs indicate that
t hese bearings are highly conpl ex yet
sinple to produce and are categorized

as Generation Il bearings. They use
a proprietary foil coating in their
production nodel. In a collaborative

effort with NASA, the PS304 coating
has been successfully tested in the
Capstone engine to acquire early gas
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Figure 9 — Ol -Free engine for 30 kW
m cr ot ur bi ne

turbi ne environmental experience prior
to using the technology in aircraft
engi nes.

Anot her turbi ne conpany,
Honeywel |, devel oped a conpeti ng
product to the Capstone m croturbine
but never went beyond the field
denonstration stage. Honeywell's 75
kW Paral l on utilized cool ed foi
bearings and conventional pol ymer
solid lubricants which are simlar to
technol ogy found in their air cycle
machi nes (ACM s). These generating
units accumul ated substanti al
operating tinme but did not enter
comer ci al production.

Beyond terrestrial power
generation, there is considerable
interest in developing Gl-Free
tur bi ne engi nes for aeropropul sion and
power applications. For instance,
NASA G enn is investigating the
application of foil air bearings and
hi gh tenperature solid |ubricant
coatings to the WIllians Internationa
EJ-22, 700 | b thrust business jet
turbofan engine (23). Prelimnary
desi gn has been conpleted. The
anal ytical results and early results
fromindivi dual bearing conponent
tests show that supporting the core on
foil air bearings is feasible.

Further tests are underway using
simulated rotors to study shaft
dynam cs and bearing interactions for
an Ol -Free core shaft. Al though
future funding for the continuation of
this project has not yet been secured,
the technical results are prom sing

Recently, industry has announced
successful tests of a radial hot
section foil bearing in a 225 kW (300
I bs thrust) drone class turboj et
engine (24). This engine used a fue
lubricated rolling el ement bearing in
the cold section and a radial foil air
bearing in its hot section. A
phot ogr aph of the engine hardware is
shown in figure 10. The engi ne
operated over its entire range of
speeds and thrust |evels and adds
confidence that small turbine engines
are excellent applications for Q-
Free technol ogy.

Figure 10 — Test hardware for a
turbojet with hot section foil bearing

In addition, the encouragi ng
results suggest that |arger rotor
system coul d be supported using O -
Free technol ogi es including |arger
Regi onal Jet engi nes and even
Super soni ¢ Busi ness Jet engines. For
these applications the system benefits
go beyond those realized by renoval of
the oil system

In a comrercial regional jet
engine, it has been estimated that 15%
of the engine weight and 50% of the
mai nt enance costs can be attributed to
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the oil system (25). Further, an O I-
Free engine utilizing an integra

start generator (1SG elimnating the
need for an oil-lubricated, accessory
gear box, woul d have a smaller overal
(under nacelle) dianmeter |eading to
reduced aerodynam c drag. The
airfrane woul d al so benefit because

t he reduced engi ne wei ght requires
lighter structural elenments between
the engine and the airframe resulting
in lower aircraft weight. This
cascadi ng effect could al so be
realized in operational costs.
Renoving oil, oil filters and sensors
fromthe maintenance | ogistics stream
reduces operator costs beyond just the
engi ne.

The | oad capacity nodel
presented earlier suggests that two
si x inch dianmeter bearings operating
at 20,000 rpm can support over 4000
pounds of radial |oad. This would
exceed a sustai ned 20g | oad on a 200
pound rotor that is representative of
the core of a 5000 pound thrust
engi ne. For this type of
application, thrust | oad nmanagenent
remai ns a desi gn concern. The size,
rotating inertia and excessive
frictional (power) |osses associated
with a 5000 pound thrust bearing would
be untenable. For an O I-Free
regional jet class engine, a design
goal woul d be to judiciously use
secondary airflows and cavity
pressures to mnimze aerodynamcally
derived thrust |oads fromthe engine.
Unlike rolling el ement bearings that
require thrust preloads to prevent
bal | skidding during transients, foi
air bearings do not need a prel oad.
In fact, on a unit area basis, thrust
foil air bearings have much | ower
thrust | oad capacity than bal
beari ngs even at high speeds. To
prevent thrust bearing overl oads and
reduce frictional |osses, engine shaft
thrust | oad managenent is critical
Further, frictional heat generating in
the lubricating gas filmnust be
renmoved naki ng secondary airfl ow
desi gn, pressure bal ancing and cavity
purgi ng an inportant systens issue.
The technical success of the Capstone
and Paral |l on turbines show that this
type of design is feasible.

For rotorcraft propul sion
applications, the engi ne must be
configured to drive a | ow speed nain
rotor. This is acconplished through a
speed reduction gear box
(transmi ssion). Since the contact
area between neshing gear teeth is a
heavi ly | oaded, gear teeth require
liquid lubricants (oil). Therefore a
rotorcraft propul sion system can not
be conpletely G I-Free. However by
utilizing a coupling between the
engi ne and the gearbox or
i ncorporating an aerodynam cal |y
coupl ed power turbine an Ol -Free
engine can still be used. This wll
result in reduced wei ght and
nmai nt enance conpared to a conventi ona
engi ne. \Weight reduction in
rotorcraft applications provide nore
significant vehicle benefits than
fixed wing aircraft. This provides
conpel ling reasons to pursue Ol -Free
technol ogy for these applications.

For supersonic flight vehicles,
there is an additional benefit of
utilizing Gl-Free turbines. That is
the elimnation of the need to provide
cooling for the oil lubricants. In
conventional subsonic systens, oi
cooling is readily acconplished with
direct air heat exchangers. In
supersoni c flight vehicles, however,
ramair heating of the slip stream
nmakes oil system heat rejection
directly to the environnent
i npossible. Active oil cooling using
nmai n engi ne bleed air coolers or ACMs
can provide a solution albeit at the
expense of system wei ght and
conpl exity and energy consunption

Anot her option is to reject oi
heat into the fuel prior to
conbustion, thereby using the fuel as
a heat sink. This approach has been
used successfully in mlitary aircraft
whi ch undergo short duration
supersoni c sorties preceded and
foll owed by subsonic cruising. In a
supersoni ¢ business jet application
however, the thermal sink capacity of
the fuel is limted. Significant
aerodynam c skin friction heating of
the airfrane generates a | arge denmand
on the use of fuel cooling. In
addi tion, nunerous el ectronic and
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el ectrical components also rely on the
fuel as a heat sink

For sustained supersonic flights
the fuel required for propulsion is
significantly less than that required
for thermal managenent and cool i ng.
This heat sink “shortage” is
exacer bated by addi ng the heat
rejection fromthe lubricating oil
One solution is to carry nore fue
than is needed for the mssion. But
carrying extra fuel adds unnecessary
wei ght and volune to the aircraft
ef fectively reduci ng useabl e payl oad.
Elimnation of the oil systemand the
need for oil cooling can contribute to
maj or wei ght and system conpl exity
savings for a supersonic flight
vehi cl e.

Foil air bearing supported
engi nes can tolerate bearing
conpartnent tenperatures as high as
650 C. This current tenperature limt
is the maxi mum use tenperature for the
ni ckel base superall oy used to nake
the foil spring elements. Above 700 C
these critical foil properties quickly
degrade and can hi nder bearing
performance. Recent research
i ndi cates that bearings can be
desi gned to acconmodate the reduced
nodul us of superalloys at these high
tenperatures. Ongoi ng work on high
tenperature bearings and the
consi deration of cobalt based all oys
with higher tenperature capability may
push foil bearing operating limts to
as high as 800 C. Nonethel ess, foi
bearing tenperatures of 650 C preclude
the need for el aborate cooling
nmechani sns. The m ni mal heat
generated in foil bearings, due to the
vi scous shear of the thin lubricating
gas film is readily managed using
smal | amounts of bleed air or even
direct cooling to the slip stream
(estimated at around 350 C). Since
the structural conponents (turbine
di sks, shafting, etc.) nust be
nmai ntai ned at tenperatures at or bel ow
650 C to ensure adequate strength and
life foil bearings will not require or
i ntroduce any unusual or technically
chal | engi ng thermal managenent system
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Summary Remarks

These system exanpl es hi ghli ght
sonme of the benefits G I-Free
t echnol ogi es can have on aerospace
propul sion systens. Table |
sunmari zes the system benefits of
replacing traditional oil-Iubricated
rotor supports with Ql-Free
technol ogies. Significant reductions
in engi ne wei ght and nai nt enance costs
are anong the main benefits.

TABLE Il — System Benefit Summary

Engine Application Benefit Impact Level

System | Regional | Rotor- | Sphersonic
Benefit Jet craft
Jet
Weight - i '
reduction medium high noh

Maintenance | pn | high medium

reduction
Heat low low high
rejection
Engine frontal
area/drag medium low high

reduction

VWi | e the obvi ous advant ages are
clear, nore subtle enhancenents are
possi bl e when the engi ne rotor support
systemis changed to one in which
speed limtations are renoved.

Furt her, using bearings which do not
require oil supply and return piping
can allow structural efficiencies in
engi ne design. These changes can have
a positive effect on flow path areas
and restrictions as well.

When t hese system benefits are
coupled with a specific mssion
profile characteristics the reasons to
repl ace conventional technology with
Q| - Free technol ogi es becones even
nore conpel ling. For exanple, on
rotorcraft, especially small ones,

wei ght savings are critical and O -
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Free engi nes can reduce wei ght by 15%
Further, by elimnation of the need
for engine oil, an optim zed gearbox
oi | system can be enployed with
addi ti onal perfornmance benefits. For
regi onal jets, the maintenance cost
savings realized by renoving the oi
systemcan translate into Direct
Operating Cost reductions which dwarf
even mgjor inprovenments in specific
fuel consunption. For supersonic
flight, weight and mai nt enance cost

i mprovenents which benefit rotorcraft
and regional jets also apply.

However, the elimnation of oil and
the need for active oil cooling can be
the enabling key to a depl oyabl e
supersoni ¢ busi ness jet capabl e of
sust ai ned supersoni c crui se at
nmanageabl e cost.

Research i n performance
estimation and prediction indicates
that the technology is ready for
denonstration in small propul sion
turbines. As anal ytical and
experinmental progress in Ol-Free
technol ogies is nmade, larger and nore
denmandi ng propul sion applications are
possible. G| -Free technol ogi es have
enjoyed full acceptance in air cycle
nmachi nes and t urboconpressor
applications. The technical success
of small foil bearing supported
turbi ne generators and the advances
described in this paper help ensure
that O |-Free engines have a bright
future in aerospace propul sion
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